Hypotension is a common finding in asphyxiated newborns treated with hypothermia. The available systemic database review of asphyxiated newborns treated with hypothermia reports an incidence of hypotension in 51% of the treated newborns.
present.
3,5 Therapeutic hypothermia induces physiological cardiovascular adaptations in asphyxiated newborns that lead to decrease in the myocardial damage. 6, 7 During hypothermia treatment, the heart rate decreases linearly as the temperature drops; this phenomenon is secondary to the slow diastolic repolarization in the sinoatrial node. 8 Both cardiac output and stroke volume are reduced during hypothermia treatment. 5 In addition, hypothermia has been shown to induce an initial surge of catecholamines followed by a fall in serum catecholamines, which explains why exogenous catecholamine support might be needed during hypothermia treatment. 9 During hypothermia, the response to inotropic agents has been shown to shift from a β-adrenergic response to a more α-adrenergic response. 10, 11 Currently, various inotropic agents are available to treat hypotension in newborns; however, important variations in practice by different institutions and by different neonatologists in the use of inotropic support have been reported. 12 No clear consensus exists as to which amines or group of amines are the most appropriate to use for asphyxiated newborns treated with hypothermia.
Another major pathological process induced by asphyxia is the impairment of cerebral blood flow autoregulation, especially during the hypotension episodes as shown by the animal models of asphyxia. 13 This process leads to brain injury during asphyxia. 13 Since hypotension may have the potential to compromise further brain perfusion during the first days of life while the asphyxiated newborn is treated with hypothermia, the hypotension may worsen the brain injury in asphyxiated newborns. The current literature is limited regarding the impact of hypotension and its management of the hemodynamics in asphyxiated newborns treated with hypothermia. Moreover, studies that assess the impact of hypotension on mortality and the development of brain injury are lacking. Also, in many institutions, functional echocardiography is not available to guide and monitor the use of inotropic support. Lactate levels are widely used in asphyxiated newborns as a plasma marker for tissue perfusion with possible correlation to hypoxia-and ischemia-related injury. 14, 15 Under normal physiological and aerobic conditions, glucose is converted to pyruvate through the glycolytic pathway, and subsequently pyruvate is converted by the pyruvate dehydrogenase enzyme to acetyl coenzyme A, which enters the Krebs cycle to yield energy in the form of adenosine triphosphate through mitochondrial oxidative phosphorylation. However, in the absence of oxygen, pyruvate is converted to lactate through the lactate dehydrogenase enzyme. Hypoxia-ischemia blocks the oxidative phosphorylation in the mitochondria, leading to reduced production of adenosine triphosphate, energy failure, and the accumulation of pyruvate, with the preferred formation of lactate through the initiation of an anaerobic metabolism. 16, 17 The effect of hypothermia on lactate production is unknown. 6 In addition, during hypothermia, lactate production, even without metabolic acidosis, may signal hypoxia at the tissue level and a worsening of organ perfusion. 6 Lactate production could also be due to factors that are unrelated to hypoxia or ischemia, such as hypoglycemia, posthyperglycemic state, and medications such as epinephrine and vasopressin. 18 In the brain, increased lactate levels measured by magnetic resonance spectroscopy have been correlated with poor outcome in asphyxiated newborns. 15 The time-course of cerebral lactate increase during hypoxic-ischemic brain injury have been shown in animal models to have a biphasic course, that is, lactate levels rise as early as 3 hours, then returns to baseline after reoxygenation, and then rise again after 12 to 24 hours 19 ; hypothermia decrease this delayed rise. 20 In addition, in the absence of hypoxia, hypoglycemia may lead to elevated lactate in the brain through astrocyte lactate production, as astrocytes only contain only the lactate dehydrogenase enzyme, which preferentially convert pyruvate to lactate.
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The objective of this case series was to document whether lactate levels may be used as a surrogate to monitor the hemodynamics of asphyxiated newborns treated with hypothermia and to review which inotropic support would be the most optimal for them. In this case series, the course over the first days of life of four asphyxiated newborns treated with hypothermia is presented, and lactate levels are discussed according to systemic blood pressure and inotropic support.
Methods Patients
Four term asphyxiated newborns with significant episodes of hypotension were included in this case series. A diagnosis of hypotension was made clinically if the mean arterial blood pressure was less than the gestational age. 22 All the newborns were treated with hypothermia, since they all met the following clinical criteria: (1) gestational age ! 36 weeks and birth weight ! 1,800 g; (2) evidence of fetal distress, for example, a history of acute perinatal event, cord pH 7.0 or base deficit À16 mEq/L; (3) evidence of neonatal distress, such as an Apgar score 5 at 10 minutes, postnatal blood gas pH obtained within the first hour of life 7.0 or base deficit À16 mEq/L, or a continued need for ventilation initiated at birth and continued for at least 10 minutes; and (4) evidence of moderate or severe encephalopathy determined by a physical examination and/or amplitude-integrated electroencephalogram. The four term asphyxiated newborns were admitted to the neonatal intensive care unit (NICU) within the first 6 hours of life and received whole-body cooling to an esophageal temperature of 33.5°C for 72 hours. After 72 hours, they were slowly rewarmed with a gradual increase of set blanket temperature of 0.5°C/h. The research protocol was approved by the institutional review board, and informed parental consent was obtained in all cases.
admission. 23, 24 To assess the relation between serial serum lactate levels, blood pressure, and inotropic support, lactate levels were compared with the mean arterial blood pressure of the four newborns within the first 4 days of life. Lactate levels were monitored by regular blood gases (most often arterial, since an arterial line is usually inserted in these newborns). The mean arterial blood pressure was obtained from the flowsheets filled in by the nurses for each newborn every hour and/or when it was deemed abnormal. The mean arterial blood pressures were measured via an indwelling catheter or blood pressure cuffs. The introduction and changes of inotropic support medications were recorded. Any associated persistent pulmonary hypertension was diagnosed clinically when a persistent significant difference of ! 10 was present between the preductal and postductal oxygen saturation levels
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; an echocardiogram also was performed to confirm any suprasystemic pulmonary hypertension.
The outcome was recorded for each patient. The presence and extent of brain injury were evaluated with magnetic resonance imaging (MRI) scans performed around day 10 of life or by autopsy when the newborn did not survive up to day 10 of life. Each MRI study included T1-and T2-weighted imaging, and diffusion-weighted imaging. Neuroradiologists, who were blind to the clinical condition of the newborns, reviewed each imaging and scored it using a previously described MRI scoring system.
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Statistical analysis
After the detailed description of each of these four cases, we explored the relationship between time after birth, mean arterial blood pressure, and lactate levels by using all the different values of the four newborns. The association between time after birth and mean arterial blood pressure, time after birth and lactate levels, as well as mean arterial blood pressure and lactate levels were explored using Spearmen correlations. A p value < 0.05 was considered as statistically significant. All statistical analyses were performed using GraphPad Prism (GraphPad Software Inc., San Diego, CA).
Results
The clinical characteristics of the four newborns included in this case series are shown in ►Table 1. They were all intubated soon after birth; two of the newborns required chest compression at birth. They all were treated with hypothermia. Newborn 4, who had a hypotension refractory to treatments, died from the complications of neonatal encephalopathy; the other three newborns survived. Newborns 1 and 4 presented with seizures during hypothermia; newborn 1 was treated with phenobarbital, phenytoin, and topiramate, whereas newborn 4 only needed phenobarbital to get the seizures under control. Newborns 2 and 3 did not present any seizures during hypothermia. Newborn 3 did not develop brain injury, but all the others did, that is, newborn 2 developed basal ganglia injury, and newborns 1 and 4 developed near-total brain injury. None of the newborns presented with clinical signs of chorioamnionitis.
All four newborns presented hypotension and required boluses of normal saline, inotropic support, and hydrocortisone (doses of 1 mg/kg). Cortisol level was measured in two newborns, before starting hydrocortisone treatment, that is, newborns 2 and 3 had a cortisol level of 92.3 and 112.6 nmol/ L, respectively. All the newborns presented with associated pulmonary hypertension and required nitric oxide; in addition, newborn 3 was started on a milrinone drip.
The lactate levels in these newborns were not measured in the blood gas performed within the first hour of life, since the blood gas was done at the referring hospital before the transfer to our NICU. Measurements of lactate levels have started since the admission in our NICU. Lactate levels were high on admission, but initially decreased when blood pressure was adequate. However, after this first decrease, each of the newborns started to present lower blood pressure, and their lactate levels started to increase again (►Figs. 1-4).
In addition to boluses of normal saline, inotropic support and hydrocortisone was started for these newborns to improve their blood pressure. Dopamine and dobutamine were used with all four newborns and usually lead to an improvement in blood pressure, and a clearing of lactate levels. Epinephrine was also used with all these newborns at some time points during the hypothermia or the rewarming. The use of an epinephrine drip improved blood pressure, but was associated with an increase of lactate levels in all four patients (►Figs. 1-4); the lactate levels of newborns 1, 2, and 3, improved once the epinephrine drip was discontinued. Vasopressin was used only in newborn 4 who presented with hypotension refractory to every inotropic support agent, and who eventually passed away (►Fig. 4).
While on inotropic support and before rewarming, newborn 1 presented with an episode of elevated blood pressure, which also coincided with an increase in lactate levels (►Fig. 1).
All the newborns presented these episodes of hypotension within the first 24 hours of life and then remained stable (except newborn 4) during the remaining part of the hypothermia treatment while on inotropic support. By the time of the rewarming, inotropic support was weaned or in the process to be weaned. However, in our three newborns who survived, rewarming was associated with hemodynamics perturbations (decrease in blood pressure and/or increase of lactate levels), that is, newborns 1 and 3 had episodes of lower blood pressure (►Figs. 1 and 3), and newborn 2 had an increase of lactate levels (►Fig. 2).
When plugging the data of all the patients to look at the relationship between time after birth, mean arterial blood pressure, and lactate levels, statistical analysis using Spearman correlations showed a weak but significant positive correlation between time after birth and mean arterial blood pressure (r ¼ 0.39, p < 0.0001, 293 measurements) (►Fig. 5A). There was a significant moderate negative correlation between time after birth and lactate level (r ¼ À 0.58, p < 0.0001, 66 measurements) (►Fig. 5A). There was a weak but significant negative correlation between mean arterial blood pressure and lactate level (r ¼ À 0.34, p ¼ 0.006, 64 measurements) (►Fig. 5B).
Discussion
In asphyxiated newborns, the initial lactate levels reflect the degree of the initial asphyxia event. This initial increase is due to an increase of lactic acid production secondary to the catecholamine stimulation of glycolysis and cellular hypoxia, as well as reduced hepatic clearance. 26 However, after this initial increase, the lactate levels should slowly come back to normal. Delayed lactate clearance has been explained in animal models of asphyxia by a delayed hepatic clearance and an increased production of lactate via the stimulation of glycolysis and the sympathetic adrenal system, 26 or by seizure activity. 27 In addition, Shah et al 28 demonstrated that lactate levels took longer to normalize in asphyxiated newborns with moderate-to-severe neonatal encephalopathy, compared with newborns with mild neonatal encephalopathy. 28 Animal studies have also shown that the worst histological evidence of brain injuries associated with the persistent elevation of lactate, which suggests that increased lactate levels may serve as a marker for ongoing tissue hypoxia.
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The current case series demonstrated that lactate level decrease over time in asphyxiated newborns during hypothermia treatment, but in some cases a secondary increase in lactate levels also might reflect a suboptimal hemodynamics status in these newborns, and may thus compromise further the brain Lactate level (mmol/L) in 1st h of life n/a n/a n/a n/a perfusion and possibly worsen brain injury. During hypothermia treatment, the four newborns presented an increase of lactate levels beyond the initial value recorded for each of them. In each of the described newborns, episodes of hypotension were associated with an increase of the lactate levels. There was a significant negative correlation between the lactate levels and the mean blood pressure values. This secondary increase of lactate levels probably indicates an ongoing anaerobic metabolism and possibly an ongoing tissue hypoxia. The four newborns also presented persistent pulmonary hypertension, which may in itself significantly impair brain oxygenation during the first days of life and may contribute to the development of brain injury in these newborns despite therapeutic hypothermia. 30 At the cellular level, systemic hypotension and suboptimal oxygenation lead to inhibition of the mitochondrial oxidative phosphorylation, which immediately induce a depletion of glucose, glycogen, and adenosine triphosphate storage and elevation of lactate levels. 14 Elevation of hydrogen ion as a result of adenosine triphosphate consumption and lactate production leads to acidosis, which inhibits glycolysis through inhibition of the phosphofructokinase enzyme.
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Before the hypothermia era, treatment was only supportive for asphyxiated newborns with multiorgan failure in an effort to maintain as much as possible homeostasis and prevent ongoing brain injury. 31 Strict monitoring and prompt correction were recommended for common complications, including blood pressure and oxygenation. 31 Similar goals should be targeted now with ongoing hypothermia treatment to support the optimum effectiveness of this treatment. Fig. 1 Mean arterial blood pressure, lactate levels, and inotropic support for newborn 1 during the first 4 days of life. Dopamine, epinephrine, and dobutamine are expressed in µg/kg/min. Lactate levels initially decreased. However, the newborn started to present lower blood pressure, and lactate levels started to increase again (arrow pointing down). He received a bolus of normal saline, and was started on dopamine. He was also started on epinephrine, since low blood pressure persisted, but his lactate levels increased higher (arrow pointing up) even when his blood pressure normalized. After switching the epinephrine for dobutamine and starting hydrocortisone, the blood pressure remained adequate, and lactate levels decreased. He later presented an episode of elevated blood pressure associated with a slight increase of his lactate level (arrow pointing down). The time of rewarming (gray rectangle) coincided with a decrease of blood pressure.
The management of suboptimal hemodynamics in asphyxiated newborns treated with hypothermia requires exogenous catecholamine support. However, randomized controlled trials are lacking with regard to recommending which inotropic agents are the most optimal for this specific group of newborns. 32 Although dopamine has been shown to be effective in treating systemic hypotension in five randomized controlled trials involving newborns, 33 all these trials were conducted with premature newborns, who were born at less than 36 weeks. Thus, these studies are difficult to extrapolate to near-term and term asphyxiated newborns due to the developmental and pathophysiological changes that occur at various gestational ages and following asphyxia. For example, the expression of adrenoceptors in the heart is decreased in preterm newborns compared with term newborns. 34, 35 In addition, during asphyxia, the expression of adrenoceptors increases in the pulmonary circulation. 36 In our case series, dopamine and dobutamine enabled the clearance of the lactate levels and improved blood pressure (except for newborn 4 who had refractory hypotension), whereas the epinephrine drip consistently worsened the increase of lactate levels in these newborns. The lactate levels improved in newborns 1, 2, and 3 once the epinephrine drip was discontinued. The effects of dopamine, epinephrine, dobutamine, and milrinone have been examined in an animal model of asphyxia; all of them increased the mean arterial blood pressure, stroke volume, and cardiac output without worsening pulmonary hypertension.
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Furthermore, even low doses of dopamine have been shown to increase systolic blood pressure and, to a lesser extent, diastolic blood pressure in severely asphyxiated newborns. 38 However, Fig. 2 Mean arterial blood pressure, lactate levels, and inotropic support for newborn 2 during the first 4 days of life. Dopamine, epinephrine, and dobutamine are expressed in µg/kg/min. Lactate levels initially decreased. However, the newborn started to present lower blood pressure, and lactate levels started to increase again (arrow pointing down). He was started on dopamine. Since he presented persistent pulmonary hypertension and signs of right-to-left shunting with a significant difference between the pre-and postductal saturations, he received a bolus of normal saline and was also started on epinephrine to maintain an adequate blood pressure, but his lactate levels increased even higher (arrow pointing up). After switching the epinephrine for dobutamine and starting hydrocortisone, his blood pressure remained adequate and his lactate level decreased. The time of rewarming (gray rectangle) coincided with an increase of his lactate level.
dopamine may also increase pulmonary vascular resistance,
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although this finding was not consistent across the different studies. 38 One additional potential benefit of dopamine was its ability to prevent loss of cerebral blood flow autoregulation in an animal model of traumatic brain injury, 40 in contrast to dobutamine, which has been shown to have no effects on cerebral hemodynamics. 41 Alternatively, studies suggest that epinephrine may have a more favorable hemodynamic profile, since it improves systemic blood pressure without exacerbating pulmonary hypertension, and since it has been shown in one study to have vasodilatory effects on the pulmonary vasculature. 37 However, epinephrine also has been shown to increase lactic acid production in some patients, probably via stimulation of β-receptors rather than via increased anaerobic metabolism, 42 which makes it difficult to differentiate with regard to the newborns of our case series whether an increase in serum lactate was due to ongoing tissue hypoxia or an epinephrine-induced stimulation of β receptors. In addition, during hypothermia, epinephrine may fail to improve cardiac output due to a downregulation of the β-adrenoreceptors. 43 In surgical patients with postcardiopulmonary bypass, this kind of increase of lactate levels has not been related to reduced tissue perfusion, 42 but nevertheless has been linked to an increase in whole-body blood flow and a decrease in wholebody oxygen extraction, 42 which could be detrimental in asphyxiated newborns, for whom hypothermia treatment is supposed to prevent secondary brain injury by reducing metabolic demand and perfusion.
Rewarming is another time period that can lead to disturbances in cerebral blood flow autoregulation by increasing metabolic demand. 44 In the three newborns who survived, rewarming was associated with hemodynamics perturbations. Peripheral vasodilatation typically occurs during rewarming, which increases the intravascular blood volume Fig. 3 Mean arterial blood pressure, lactate levels, and inotropic support for newborn 3 during the first 4 days of life. Dopamine, epinephrine, dobutamine, and milrinone are expressed in µg/kg/min. Lactate levels were at 5.9 on admission to the neonatal intensive care unit. However, the newborn started to present lower blood pressure, and lactate levels started to increase again (arrows pointing down). She was started on dopamine, dobutamine, and also hydrocortisone. As she presented persistent pulmonary hypertension, she was started on milrinone in addition to nitric oxide. Her blood pressure corrected and her lactate level decreased. The time of rewarming (gray rectangle) coincided with a decrease of blood pressure. At that time, an epinephrine drip was started, but her lactate level increased higher (arrow pointing up); the epinephrine drip was discontinued and lactate levels decreased again. Fig. 4 Mean arterial blood pressure, lactate levels, and inotropic support for newborn 4 during the first 4 days of life. Dopamine, epinephrine and dobutamine are expressed in µg/kg/min. Doses for vasopressin are expressed in units/kg/min. Lactate levels initially decreased, but this newborn quickly presented with severe hypotension. Lactate levels started to increase again (arrows pointing down). She received boluses of normal saline, was started on dopamine, dobutamine, and hydrocortisone. An epinephrine drip was added, and her lactate level continued to increase. A vasopressin drip was added, and her blood pressure improved transiently, but the lactate levels continued to increase. Shortly after, the blood pressure decreased again and became refractory to all these treatments. Eventually, she died from the complications of neonatal encephalopathy. and often leads to hypotension. 45 During rewarming, blood pressure drops and heart rate increases. 10, 46 Cardiac output was higher during rewarming than during cooling. 47 Rewarming also is thought to cause a mismatch between oxygen delivery and consumption. 48, 49 Hypotension during rewarming has been described as a risk factor for severe brain injury and intraventricular hemorrhage. 46, 50 In addition, rapid rate of rewarming has been incriminated as an inducing factor of brain injury, lung injury, and hypotension in various pathological conditions such as hemorrhagic shock, traumatic brain injury, and sepsis. [51] [52] [53] Clinical trials in asphyxiated newborns typically use a rewarming rate of 0.5°C/h; however, lower rate of rewarming have also been suggested to avoid any of these potential complications, which may further worsen brain injury in this vulnerable population.
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Optimally, all these asphyxiated newborns treated with hypothermia should have serial functional echocardiograms during hypothermia and rewarming to assess in real-time their cardiovascular performance and systematic hemodynamics 55 and to adjust more specifically their need for inotropic support. However, in many institutions, neonatologists still are not trained to perform these functional echocardiograms, and access to a regular echocardiography remains difficult to obtain in a timely manner, and very often only provides one-time information on cardiac anatomy and cardiovascular performance. 55 Our case series suggests that a close monitoring of lactate levels may be a surrogate for the monitoring of hemodynamics in these newborns. In our experience, neonatologists usually carefully look at the first values of lactic acid for prognostication, but then often do not follow closely the evolution of these lactate levels. Previous studies on the hemodynamics of asphyxiated newborns treated with hypothermia did not perform routine measurements of lactate levels. 5 Until now, studies of the cardiac function of asphyxiated newborns have evaluated the use of troponin and repeated echocardiograms to monitor cardiac injury, 56 but they did not perform routine measurements of lactate levels to monitor hemodynamics.
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These four newborns may not be representative of most of the asphyxiated newborns treated with hypothermia, since they were severely asphyxiated newborns with multiorgan failure, and thus this case series is not able to offer definitive conclusions about which inotropic support is the most optimal for asphyxiated newborns. However, this case series raises the concern that hypotension episodes may impact brain injury in asphyxiated newborns. A consensus about which inotropic agent is the best for these newborns does not exist. Future randomized studies such as the ones performed with premature newborns 33 should be performed with asphyxiated newborns treated with hypothermia to determine whether maintaining hemodynamic stability during hypothermia and rewarming improves the long-term neurodevelopmental outcome and to determine which inotropic support is optimal for these newborns, so that management guidelines based on evidence can be developed and benefit the management of these newborns. In the meantime, these secondary increases of lactate levels as described in the newborns in our case series should probably be avoided to support an optimized hemodynamics for newborns already at risk of brain injury.
Conclusions
In conclusion, when functional echocardiography is not readily available in the NICU, lactate levels during the first 4 days of life should be carefully monitored and may serve as a surrogate marker for the suboptimal hemodynamic status of term asphyxiated newborns treated with hypothermia, for whom the maintenance of homeostasis during hypothermia and rewarming is of the utmost importance to alleviate brain injury. Further prospective randomized studies are warranted to determine the impact of hypotension on mortality and brain injury and to determine the best inotropic agents for these newborns.
